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Sulfur K Edge X-ray Absorption Near Edge Structure Spectroscopy (XANES) and 
X-ray Photoelectron Spectroscopy (XPS) have been developed f o r  the d i r e c t  
determination and q u a n t i f i c a t i o n  o f  the forms o f  o rgan ica l l y  bound s u l f u r  i n  
nonvo la t i l e  petroleum and coal samples. 
number of model compounds, mixtures o f  model compounds, heavy petroleum and 
coal samples. 
reso lu t i on  o f  the XPS spectra allowed approximate q u a n t i f i c a t i o n  o f  the 
s u l f i d i c  and th iophenic  components o f  t he  model mix tures and heavy hydrocarbon 
resources. Both techniques were used t o  character ize o rgan ica l l y  bound s u l f u r  
forms i n  coals  from the Argonne Premium Coal Sample Bank and both show a 
monotonic increase o f  th iophenic  s u l f u r  w i t h  increas ing rank. 

I n t roduc t i on  

X-ray Absorption Near Edge Structure (XANES) Spectroscopy and X-ray 
Photoelectron Spectroscopy (XPS) are two techniques which have been appl ied 
recen t l y  f o r  the d i r e c t  spec iat ion and approximate q u a n t i f i c a t i o n  o f  
o rgan ica l l y  bound forms o f  s u l f i d e  and th iophenic  s u l f u r  i n  n o n v o l a t i l e  l i q u i d  
and s o l i d  carbonaceous ma te r ia l s  (1-5). 
characterize the l e v e l s  o f  s u l f i d e  and th iophenic  s u l f u r  forms i n  coals  from 
the Argonne Premium Coal Sample Program and t o  develop a c o r r e l a t i o n  o f  s u l f u r  
forms w i t h  rank. 

It i s  known t h a t  organic  su l f i des  can be converted t o  thiophenes on heating. 
For example,it has been shown tha t  when benzy lsu l f ide i s  heated t o  290'C, 
tetraphenyl thiophene, hyarogen s u l f i d e  and s t i l bene  are produced (6). 
Extending t h i s  t o  o rgan ica l l y  bound s u l f u r  forms i n  coals, i t  would be 
expected t h a t  t he  r a t i o  o f  thiophenic s u l f u r  t o  s u l f i d e  s u l f u r  would increase 
w i th  increasing rank, as the coal precursor ma te r ia l s  experience more and more 
severe geologica l  temperatures and pressures dur ing metamorphism. Recent data 
on a number o f  coals  o f  d i f f e r e n t  rank, obtained by f l a s h  py ro l ys i s  
experiments (7) which measure and co r re la te  H2S evo lu t i on  w i t h  l e v e l  o f  
su l f i de  s u l f u r  present i n d i c a t e  t h i s  trend. However, these experiments leave 
open the question as t o  whether s u l f u r  forms are i n te rconver t i ng  dur ing the  
pyro lys is .  H2S evo lu t i on  may not  co r re la te  d i r e c t l y  w i t h  s u l f i d e  s u l f u r  and 
coupled w i t h  heat and mass t ranspor t  1 i m i t a t i o n  considerations, p a r t i c u l a r l y  
for so l ids,  i t  i s  n o t  unreasonable t o  question whether a t  l e a s t  some o f  t he  
thiophenic forms observed by py ro l ys i s  techniques are produced dur ing heating. 
Therefore, the forms o f  o rgan ica l l y  bound s u l f u r  i n  coals  o f  d i f f e r e n t  rank 
obtained from the  Argonne Premium coal sample program were determined by 
d i r e c t  measurement us ing XPS and XANES. 

Experimental 

XANES and XPS spectra were taken o f  a 

A t h i r d  d e r i v a t i v e  analys is  o f  t he  XANES spectra and curve 

Both techniques have been used t o  

I 

I 

The procedures f o r  obta in ing XANES and XPS spectra have been discussed 
elsewhere (1 -4) .  
L igh t  Source a t  Brookhaven National Laboratory on l i n e  X-1OC. To avoid ambient 
temperature ox idat ion,  sample preparations were done i n  a glove bag f i l l e d  

The XANES spectra were recorded a t  the National Synchrotron 
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w i t h  n i t rogen.  
dusted onto mylar tape and the sample holders t ranspor ted t o  the beamline i n  
n i t rogen f i l l e d  b o t t l e .  S im i la r l y ,  preparation o f  samples f o r  XPS were done 
i n  a n i t rogen f i l l e d  d ry  box, and the samples inser ted i n t o  a f a s t  e n t r y  a i r  
lock.  
detector  (8). 
subt ract ing the t h i r d  de r i va t i ve  spectrum o f  i r o n  p y r i t e  from the t h i r d  
d e r i v a t i v e  spectrum o f  the coals u n t i l  the lowest energy p y r i t e  "peak" was 
removed. P y r i t e  in ter ferences i n  the XPS data from I l l i n o i s  #6 coal were 
removed by subtract ion dur ing the curve reso lu t i on  analys is  by the  method 
described prev ious ly  (3). 
determining o rgan ica l l y  bound s u l f i d e  and thiophenic s u l f u r  forms i s  estimated 
t o  be t 10%. 

Results 

XANES spectra and t h e i r  t h i r d  de r i va t i ve  t races f o r ' t h e  8 Argonne Premium 
samples are shown i n  Figure 1. 
w i t h  p y r i t i c  s u l f u r ,  t h a t  a t  2469.8 eV w i t h  s u l f i d e  s u l f u r  and 2470.4 eV w i th  
thiophenic s u l f u r .  
peak heights  from the basel ines provided the approximate quan t i f i ca t i ons  o f  
s u l f i d e  and th iophenic  s u l f u r  forms found i n  these samples. These data are 
l i s t e d  i n  Table 1 and p l o t t e d  i n  Figure 2 against carbon content o f  the coals. 
Except f o r  the I l l i n o i s  #6 data, there i s  a c lea r  increase i n  th iophenic  
s u l f u r  w i t h  increas ing carbon content o f  the coals. 

XPS data on the same samples are a lso shown i n  Table 1 and are p l o t t e d  i n  
Figure 2 .  With the  exception o f  I l l i n o i s  #6 coal, i t  was poss ib le  t o  curve 
resolve the organic s u l f u r  2p spectrum using s u l f u r  species components f i x e d  
a t  163.3 eV and 164.1 eV f o r  s u l f i d e  and thiophenic s u l f u r  respect ive ly .  
s u l f u r  s ignals  representat ive o f  these s ing le  species under the experimental 
condi t ions o f  t h i s  and previous studies (4,5) were determined from the 
instrumental response t o  pure s u l f u r  model compounds. The signal o f  a s i n g l e  
s u l f u r  species i s  composed o f  two peaks representing 2p3-2 and 2pl -2  
components having a 2 : l  r e l a t i v e  i n t e n s i t y  and separated i n  energy by 1.2 eV. 
Each component i s  composed o f  equally mixed Gaussian and Lorentzian l i n e  
shapes and a f u l l  w id th -ha l f  maximum o f  1.4 eV. 
f o r  a l l  curve reso lv ing  procedures. The XPS data conf i rm the t rend o f  
increasing thiophenic s u l f u r  content w i t h  increasing rank. 

P y r i t i c  s u l f u r  was observed only i n  the I l l i n o i s  #6 spectrum. The XPS spectra 
i n  the unoxidized reg ion o f  a l l  other Argonne Premium samples were found not  
t o  conta in  con t r i bu t i ons  from p y r i t i c  su l fu r .  A weak i r o n  2p s ignal  was 
detected i n  the  spect ra o f  Upper Freeport, P i t tsburgh #8, Lewiston-Stockton 
and Beulah-Zap. The leve ls ,  when normalized t o  the carbon 1s s ignal  were 
lower than expected from bulk  elemental analyses. This behavior has been noted 
before w i t h  other coals  (3,9). I n  every case, a broad peak was centered wel l  
below 711 eV, i n d i c a t i v e  o f  i r o n  oxides o r  s u l f a t e  i n  poor e l e c t r i c a l  contact  
w i t h  the organic ma t r i x .  
t h i s  study, and on t h i s  bas is  the XPS s u l f u r  2p spectra were judged t o  be f ree  
o f  i n te r fe rence  e f f e c t s  due t o  p y r i t i c  s u l f u r .  

Discussion and Conclusions 

Both XPS and XANES data conf i rm the t rend  o f  increas ing thiophenic s u l f u r  
content w i t h  rank f o r  the coals  studied. This i s  t he  f i r s t  such evidence 
obtained by d i r e c t  measurement. Figure 3 shows both sets o f  data p l o t t e d  

Coal samples, which were a l l  t l O O  mesh as-received, were 

Fluorescence XANES spectra were recorded using a Stern-Heald-Lytle 
P y r i t e  in ter ferences i n  the XANES spectra were removed by 

The accuracy o f  both the XANES and XPS methods f o r  

The feature a t  about 2468.5 eV i s  associated 

A f t e r  subt ract ing p y r i t e  in ter ferences,  measurement o f  

The 

These condi t ions were used 

No evidence was found f o r  a p y r i t i c  i r o n  s ignal  i n  
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against each other, the s o l i d  l i n e  being the p a r i t y  s i t ua t i on .  I t  i s  seen 
t h a t  t he  surface and bulk  measurements are i n  good agreement and f a l l  w i t h i n  
the  establ ished l i m i t s  o f  accuracy f o r  both methods. 
i s  t ha t  s u l f u r  d i s t r i b u t i o n s  a t  t he  surface and i n  the bulk  are s im i la r .  

The ou t l y ing  p o i n t  i n  Figures 2 and 3 ar ises from the XANES data o f  I l l i n o i s  
#6 coal. I f  there are e r r o r s  i n  the p y r i t e  subtract ion procedure, o r  i f  
absorptions o f  the th iophenic  species a c t u a l l y  present are s h i f t e d  due t o  
subst i tuent  e f fec ts ,  the values repor ted here in f o r  th iophenic  s u l f u r  i n  t h i s  
coal would be low. " These p o s s i b i l i t i e s  are under study a t  t h i s  w r i t i n g .  
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Table 1 

THIOPHENIC SULFUR INCREASES WITH RANK 
(ARGONNE PREMIUM COAL SAMPLES) 

BEULAH-ZAP 

WYODAK-ANDERSON 

ILLINOIS #8 

BLIND CANYON 

PITTSBURGH #8 

LEW ISTON - STOCKTON 

UPPER FREEPORT 

POCAHONTAS 

% CARBON 
bimxadd 

74.05 ’ 

76.04 

80.73 

81.32 

84.95 

85.7 

88.08 

91.81 

46 

58 

47 

75 

77 

74 

89 

98 

55 

83 

89 

65 

75 

88 

81  

100 
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Flgure 2 

THIOPHENIC SULFUR INCREASES WITH RANK 
ARGONNE PREMIUM COAL SAMPLES 
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